Heterostructures are ubiquitous in modern electronics and optoelectronics. [1] [2] [3] Two dimensional (2D) materials, such as graphene, [4] [5] [6] [7] transition metal dichalcogenides (TMDs) [8] [9] [10] [11] and GaSe, [12] [13] [14] [15] offer opportunities for engineering novel optical and electrical devices. So far, monolayer TMDs have been demonstrated as a building block for photodetectors, 16 solar cells, 17 and avalanche photodiodes. 18 In contrast to the traditional three dimensional (3D) materials, they offer great advantages in light weight, flexibility, transparency and appealing electrical tunability. 19 In particular, significant progress has been made on MoS2/Si heterostructures where a monolayer MoS2 and ptype Si form a van der Waals heterojunction (VWH) with an external quantum efficiency (EQE) exceeding 4%. 17, 20 An avalanche photodiode 18 with the same structure shows a carrier multiplication exceeding 1000.
However, the fabrication of large-scale VWH with an atomically-sharp interface and high photoresponsivity remains challenging. Mechanical transfer technique for stacking VWH has been widely used. 16, 21 But it is not easy to precisely control stacking orientation, and the interface can also be jeopardized during the exposure to the polymers. Also, this transferring method has a low yield that is not advantageous particularly in view of the volume production of devices. In contrast, directly fabricating the heterostructures, such as through chemical vapor deposition, can produce excellent results. 22, 23 However, the small lateral size and device yield still severely hinder the real applications due to the complex fabrication process.
Alternatively, molecular beam epitaxy (MBE) is well established for growing highquality and uniform epitaxial layers. The thickness of the grown thin films can be precisely controlled by in-situ reflection high-energy electron diffraction (RHEED) and the interface between different layers is atomically sharp. These merits make MBE a desirable technique for fabricating wafer-scale and high-yield van der Waals heterostructures based on 2D materials. Furthermore, by integrating with the state-ofart silicon-based technology, these materials may show their potential for vast practical applications.
In this letter, we demonstrate the preparation and characterizations of vertical van der Waals heterostructures by directly depositing GaSe on n-type Si wafer using MBE approach. The photodiodes exhibit a fast photoresponse and prominent reversibility and stability. Even after 1 million cycles of operation, the device shows no sign of degradation. The thickness-dependent photoresponse of GaSe/Si diodes is also investigated to gain insights of the band structure evolution, which is in a good agreement with the theoretical predictions.
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Optimal conditions for layer-by-layer growth of GaSe thin films were established by a systematic investigation aided by in-situ RHEED. Figure 1A shows the RHEED intensity oscillations. Diffraction intensity was measured by a real-time image processing system. The periodic oscillations indicate a layer-by-layer 2D growth mode with a growth rate of 58 s/layer. The inset is a contrastingly streaky RHEED pattern of an 8-layer GaSe thin film, suggesting a well-ordered and atomically flat surface. All the results hereafter are obtained from the 8-layer sample unless otherwise stated. With this growth process, GaSe was uniformly deposited onto 2-inch transparent mica substrate ( Figure S1 ). A schematic sketch of the GaSe crystal structure is depicted in Figure 1B , which is composed of several unit layers combined with van der Waals forces. Each unit layer (called tetra-layer) is consisted of four atomic layers with a stacking sequence of Se-Ga-Ga-Se (defined as one layer hereafter) and the thickness of a tetra-layer is 0.8 nm. 13, 15, 25 The structural properties of GaSe were revealed by X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). Figure 1C is the XRD pattern, in which the diffraction peaks in blue can be indexed as rhombohedral structured GaSe phase with lattice parameters of a = b = 3.746 nm, c = 23.910 nm and a space group of R3m (PDF#65-2112). [26] [27] [28] The mica phase presented in magenta has lattice parameters of a =5.369 nm, b =9.289 nm, c =10.153 nm and a space group of C2/m (PDF#53-1188). It is of interest to note that all diffraction peaks from the GaSe correspond to the (003), (006), (0012) and (0015) planes, confirming the [0001] growth direction of GaSe thin film. For further investigation of the structure and crystal quality, GaSe were exfoliated from mica and transferred onto the TEM grid. Figure 1D shows a typical TEM image. Inset is the HRTEM image of the GaSe layer and its corresponding selected area electron diffraction pattern (SAED) taken along the [0003] zone axis, which demonstrates the high crystallinity of the GaSe layer.
One of the most distinguished features of 2D materials is their thicknessdependent property. For this reason, we explored the phonon characteristics of GaSe with different thicknesses using Raman spectroscopy. Figure 1E shows the measured Raman spectra, in which several peaks at 131. (A ) are consistent with the phonon vibration modes previously reported. 29 The peak located at 262.1 cm -1 comes from the underneath mica substrate.
Two A1g peaks are associated with the out-of-plane vibrational mode of GaSe, while E1g and E2g peaks correspond to the in-plane one. 12, 25 The peak at 252.2 cm -1 is chosen for normalization purpose. We note that with the increase of thickness, all four peaks of GaSe become more prominent with the peak position remaining unchanged and the substrate peak intensity decreases as expected. Also, the ratio of Therefore, the Raman spectroscopy can be used to identify the thickness of GaSe and be applied to other 2D materials. Energy dispersive X-ray spectrometer (EDX) was employed to detect the element composition. Figure S2 shows 1:1 atomic ratio of Ga/Se with a standard deviation less than 6% across the entire wafer.
Benefiting from the van der Waals interaction, the aforementioned growth process can be readily applied to different kinds of substrates. Here, we directly grew p-type GaSe thin films on 3-inch n-doped Si (100) substrate to form abrupt p-n junctions. To form a VDW heterostructures, the optimized and clean interface is crucial. Different from mica substrates which can be freshly sliced before growth, silicon needs a careful cleaning process. Here we follow the well-established RCA approach 30 to remove organic or oxide residues on the surface. The as-cleaned substrates are immediately loaded into the ultra-high vacuum chamber for proper annealing treatment before the subsequent GaSe deposition.
For GaSe prepared on silicon, the same characterizations including TEM and Raman spectroscopy were carried out and the results are displayed in direction as witnessed from the SAED pattern ( Figure 2B inset) . The thickness of a tetra-layer is determined to be 0.797 nm, identical to others. 13, 15, 25 The Raman spectra of 5-layer GaSe are completely indistinguishable on mica and Si ( Figure 2C ). Thus, both HRTEM and Raman reveal that the GaSe films synthesized either on insulting mica or semiconducting Si share the same crystal structure and good crystallinity, suggesting the substrate-independent epitaxial growth owing to the van der Waals interaction between layers.
We further explored the electrical properties of the GaSe/Si p-n junctions. Indium (In) was soldered on GaSe and Si as anode and cathode, respectively ( Figure 3A) . The indium forms a perfect Ohmic contact with GaSe ( Figure S3B ). We note that there exists a negligible barrier with silicon ( Figure S3C ), however, this barrier does not have a major influence on the device performance. Figure 3B shows the current versus bias voltage (I-V) characteristics of a typical GaSe/Si diode at 300 K. It unveils a clear rectifying behavior with the rectification ratio over 100 under 1 V bias. By varying the bias voltage and temperature, the current rectification behavior can also be attained at low temperatures, as shown in Figure 3C . The horizontal axis, vertical axis and color gauge respectively denote the temperature, the applied bias and the absolute value of current. The current decreases with the drop of temperature which can be explained by the equation
where Is is the reverse saturation current, q is the electron charge, 0 k is the Boltzmann's constant, V and T are the biased voltage and temperature, respectively. The rectification ratio rapidly increases from 102 to 10934 when temperature decreases from 300 to 120 K under 1  V. Therefore, the device can also work at low temperatures with even better performance. To verify the reproducibility of the rectifying characteristics, we randomly selected diodes across the wafer and calculated the rectification ratio through I-V curves. As shown in Figure 3D , the distribution of rectification ratio is centralized between 50 and 200 with 73% of the measured devices in that range.
The optoelectronic properties of these 2D p-n heterojunctions were further explored after confirming the repeatability of the current-rectifying characteristics. In order to achieve optimized absorption of light, 50 nm-thick transparent indium-tin oxide (ITO) array was deposited on top of GaSe as the anode electrodes ( Figure 4A ).
Ohmic contacts are also confirmed as the prerequisite for high efficiency devices and can ensure the photocurrent exclusively coming from the junction area ( Figure S5 ). A laser with a wavelength of 532 nm was used to illuminate the device. The spot diameter of the focused laser is 2 μm, which is much smaller than the lateral size of the junction. Figure 4B shows a spatial-resolved, zero-bias photocurrent mapping of a corner of junction under an illumination of 450 μW. We note that the photocurrent is uniform over the junction area and it decreases to zero rapidly when the laser spot moves away from the junction. Photocurrent-mapping shows sharp edges that agree well with the microscopic picture of the device. The development of the photocurrent in our patterned device arrays can be understood as follows. If there are photo-carriers generated, these carriers will recombine rapidly owing to their short life time and short diffusion length in the heavily-doped GaSe/Si materials. 31 If the photo-carriers are generated within the ITO area, most of the carriers can be collected by the ITO electrode because the photocarriers only need to travel nanometer scale, i.e., vertical transport. However, if the carriers are generated far away from the electrode, they will be most likely subjected to the recombination process before they can even reach the electrode that is hundreds of micron-meters away. Figure 4C This value is normally smaller than 100% for photodiodes.
According to the first principle calculations, a direct-to-indirect transition for fewlayer GaSe with decreasing thickness was predicted 24 , distinct from the widely studied MoS2 which adopts the opposite band structure transition. Response speed is an important criterion of photodetectors. Fast response is required for most photodetection applications. To date, the reported response time is in the range of milliseconds and minutes. 35 To study the photoresponse of our devices, we used a chopper to periodically switch the laser on and off and the photocurrent was then recorded on an oscilloscope with a preamplifier. Figure 6A shows one complete circle of photoresponse at zero bias and under 450 μW of 532 nm laser. As shown in Figure   6A , when laser turns on, the current increases quickly and reaches saturation at 23.1
μA. Once the laser turns off, the current decreases rapidly to zero. Photoresponse time, defined as the switching duration from 10% to 90% of the maximum photocurrent, was calculated as 60 μs and 20 μs for the increasing/falling edges, respectively. The fast response speed demonstrated in our GaSe/Si photodiodes promises further practical applications. In Figure 6B , after 1,000,000 cycles of operation, i.e., laser switching on and off, the photoresponse behavior retains almost the same as the initial states, suggesting an outstanding reversibility and stability of GaSe/Si photodetectors.
In order to further understand the device performance, numerical simulations were carried out. The carrier concentration of GaSe and Si is extracted respectively to be , as shown in the middle panel of Figure 7 .
According to the simulation results, under the thermal equilibrium (0 V), more than 60% of the GaSe epitaxial layer (5 among 8 layers) is depleted, which makes the few-layer GaSe a good photo-absorption and carrier-generating material. While negative 1V bias is employed, the depletion region extends to nearly 90% (7 among 8 layers), resulting in the increase of the photocurrent as shown in Fig. 4d . On the other hand, the depletion region is almost reduced to zero (0 among 8 layers) at the positive 1V bias which is in good agreement with the high rectifying ratio (Fig. 3b and 3d ).
More than half of the thickness is depleted, giving rise to the high quantum efficiency at the thermal equilibrium and better performance at the negative bias. The fast speed of the device can also be interpreted. The highly depleted region in GaSe leads to a strong built-in electric field which efficiently separates the photo-generating carriers causing the high speed. 31 Furthermore, the truly vertical contacts reduce the transport distance to the nanometer scale. Not only it increases the efficiency due to the reduced undesirable recombination, but it also dramatically enhances the response speed.
In summary, we showed a controllable growth method for producing wafer-scale 2D materials by MBE. Arrayed van der Waals vertical heterostructures were achieved based on few-layer GaSe on Si. The heterostructures can work as p-n diodes with steady rectifying behavior and highly efficient, fast, robust photoresponse. The wafer-scale size and striking performance of the heterostructures make GaSe/Si promising for real applications. Integrating atomically-thin 2D materials with traditional materials is a stirring choice for next-generation optoelectronics.
Methods
Thin film synthesis.
Layered GaSe was grown on substrates of freshly sliced mica or RCA (Radio Corporation of America) processed Si in Perkin Elmer 430 MBE system. High-purity Ga and Se were evaporated from standard Knudsen cells. Optimal growth conditions were examined by in-situ RHEED system and the growth was conducted under the flux ratio of Se/Ga 10:1 which was measured by a crystal oscillator. The growth temperature was 580 ℃.
Structural characterizations.
Raman spectra were measured with an incident laser of 633 nm (Renishaw-inVia confocal Raman system). Crystal quality of GaSe thin films was investigated by XRD (Bruker D8 Discover) and HRTEM (FEI Tecnai F20).
Electrical and optoelectrical characterizations.
Electrical characteristics and photoresponse measurements were carried out using 
